The undecapeptide substance P (SP) is a member of the tachykinin family of neurotransmitters, which has a pivotal role in the regulation of inflammatory and immune responses. One of the major barriers to the study of the in vivo role of SP in a number of immune disorders is the accurate measurement of SP in fluids. This is reflected in the variability of reported SP levels in serum and plasma of humans in both healthy and diseased states. This study was initiated in order to identify sources of variability by the comparative evaluation of the influences of sample preparation and analytical detection methods on the measurement of SP in plasma. The results indicate that sample preparation (peptide extraction versus no extraction) and the choice of analytical method for SP quantitation may yield significantly different values and may contribute to the variability in SP values reported in the literature. These results further emphasize the need for careful consideration in the selection of methods for SP quantitation, as well as caution in the interpretation and comparison of data reported in the literature.
The undecapeptide substance P (SP) is a member of the tachykinin family and was first sequenced by Chang et al. (8) . SP was subsequently characterized as a neurotransmitter (31, 32, 33) . Elevation of serum or plasma SP and/or its cell-associated receptor (NK-1R) has been observed by our laboratory and others in a variety of disorders, including inflammatory bowel disease (25) ; sickle cell crisis (29) ; depression and anxiety (4, 15, 20, 28, 37) ; rheumatological diseases (1, 26) ; and infectious diseases, such as AIDS and respiratory syncytial virus (12, 39) , as well as in cancer (34, 38) . More recently, the role of SP in neurotransmission has been expanded to include a major role in the regulation of the immune response (27, 40; reviewed by Ho and Douglas [17] ). The influence of SP on the production of inflammatory and immune-regulatory cytokines is now well documented (5, 24) . In addition, SP; its receptor, NK-1R; and the development of a number of NK-1R antagonists have received considerable attention as potential therapeutic agents for depression, pain, and emesis (5, 11, 20, 30) . The evaluation of SP antagonists as potential therapeutic agents in the setting of clinical trials further emphasizes the need for accurate measurements of serum or plasma SP that have high levels of specificity, sensitivity, and reproducibility.
A review of the literature, however, reveals considerable variability in reported levels of SP in the sera or plasma from control subjects, as well as patients with diverse disease processes (9, 13, 16, 17, 18) . A number of studies (Table 1) indicate control serum or plasma-derived SP levels ranging from 12.25 to 397 pg/ml (4, 7, 12, 14, 16, 21, 22, 23, 35) and have varied in their methods of both sample preparation and analysis. The variability in published SP levels may be attributed, in part, to the fact that SP (an undecapeptide with a molecular mass of 1,347 Da) is present in human plasma and serum in free and bound states. Using gel filtration and glutaraldehyde cross-linking of radiolabeled SP to plasma proteins, Corbally et al. (10) found that endogenous plasmaderived SP was reversibly and nonspecifically bound to both high-molecular-mass protein species (Ͼ400,000 Da) and intermediate-molecular-mass proteins (58,000 Da). In addition, SP was readily dissociated from these proteins by repeated gel filtration. These observations have led to methods for the extraction of SP from a variety of biological fluids (14, 36) . However, the extraction of SP from fluids, particularly serum or plasma, should be considered carefully, since most extraction procedures have been designed for the enrichment of low-molecular-weight peptides and can potentially exclude peptides nonspecifically bound to high-molecular-weight plasma or serum proteins. Such preparative procedures could lead to underestimates of the total amount of SP present in these types of specimens (10) .
In addition to sample preparation for the measurement of SP, attention should be paid to methods used for the analytical and statistical evaluation of experimental data. More recently, enzyme immunoassays (EIA) have been the methods of choice for the measurement of SP. Further, due to the low molecular weight of SP, these assays have been formatted as antigen competition assays (Table 1) . However, different studies employing similar EIA continue to report control human serum and plasma SP values that differ significantly. These assays vary considerably in their reported ranges of detection, and no studies have methodically compared their characteristics from the standpoint of accuracy and reproducibility. Thus, we compared the influences of sample extraction and direct measure-ment on the determination of SP levels in human and rhesus macaque (Macaca mulatta) plasmas using two commercially available EIA.
MATERIALS AND METHODS
Human and rhesus macaque plasmas. EDTA-anti-coagulated plasmas obtained from healthy human subjects or rhesus macaques were stored at Ϫ70°C until they were evaluated in parallel for SP using two commercially available EIA kits.
SP extraction method. The method used for the extraction of SP from plasma or serum represented a modification of that previously described (14, 36) . Briefly, 0.5-ml aliquots of plasma or sera were acidified by the addition of 1.5 ml of 4% (vol/vol) acetic acid. Prior to use, C 18 reverse-phase single-use columns (Bond Elute, Harbor City, CA) were activated by first applying under negative pressure 3 ml of acetonitrile, followed by the application of 3 ml of 1% trifluoroacetic acid three times. The acidified plasma or serum samples were then applied to the columns, which were subsequently washed three times with 3 ml of 1% trifluoroacetic acid. The bound peptides were eluted from the columns with two 1-ml applications of elution buffer (90 ml acetonitirile and 10 ml of 1% trifluoroacetic acid). The eluted samples were air dried under nitrogen at room temperature and reconstituted in 0.3 ml of appropriate EIA diluent.
Enzyme immunoassays. Two commercially available antigen competition EIA, the Cayman SP Assay (Cayman Chemical Company, Ann Arbor, MI) and the Assay Designs SP Assay (Assay Designs, Inc., Ann Arbor, MI), were evaluated in parallel for the quantitation of SP in extracted and unextracted plasma or serum samples. The two assays are similar in that they both use immobilized antibody to capture a rabbit polyclonal antibody specific for SP. They differ in that the Cayman SP Assay uses an acetylcholinesterase-conjugated SP tracer while the Assay Designs SP Assay uses an alkaline phosphatase-conjugated SP tracer. The most striking difference between the two assays is their effective detection ranges. The Cayman SP Assay allows a detection range of 3.9 pg/ml to 500 pg/ml, while the Assay Designs SP Assay allows a detection range of 9.76 pg/ml to 10,000 pg/ml. This was of some concern, because the breadth of the analyte detection range can have a significant impact on the values interpolated from the lower limits of the standard curve. Therefore, we determined the performances of both assays in the parallel evaluation of specimens using both the manufacturer's recommended standard curve and the identical modified standard curves (15.63 pg/ml to 250 pg/ml) prepared with the two kits' SP standards. The measurable range of the modified standard curve was constructed to allow more data points within the range of values previously observed with unknown samples, the values of which were interpolated from the extreme lower end of the recommended standard curve. Four-parameter logistic fit was used to evaluate all data. Furthermore, the Cayman SP Assay requires an overnight incubation at 4°C for the capture of immune-complexed SP, while the Assay Designs SP Assay requires only a 2-h incubation at room temperature. All other steps of the two assays are similar. The Assay Designs EIA is reported by the manufacturer to have intra-assay and interassay coefficients of variation of 6.7 and 4.2%, respectively. The Cayman EIA is reported by the manufacturer to have intra-assay and interassay coefficients of variation of 10 to 15%. Assay performance for each kit was monitored by the evaluation of a previously validated human plasma pool that was included with each run. Our preliminary studies evaluating identical specimens in parallel using both assays, as well as previously reported studies ( Table 1 ) that used either the Cayman or Assay Designs EIA in the evaluation of similar control samples, revealed significantly different SP values. Therefore, in addition to the evaluation of unknown samples in parallel using both kits, known concentrations of SP standards supplied with each kit were evaluated to determine possible qualitative and/or quantitative differences between the two standards used for constructing each kit's standard curve.
Statistical models. Since the two EIA yielded significantly different results when evaluating unknown samples in parallel according to each manufacturer's specifications, samples containing known amounts of purified SP were evaluated in parallel according to both the manufacturer's specifications and a fourparameter logistic fit. For the four-parameter model, the parameters were the theoretical response at concentration, the measure of the slope of the curve at its inflection point, the value of the concentration at the inflection point, and the theoretical response at infinite concentration. These data were processed using KC4 v3.4 software (Bio-Tek Instruments, Inc., Winooski, VT).
Statistical methods. The paired t test was used to compare differences in SP levels between Cayman and Assay Designs EIA in (i) macaque plasma (extracted) and (ii) human serum (unextracted), (iii) extracted and unextracted and (iv) 1:2 and 1:4 dilutions in macaque plasma using the Cayman EIA, and recommended and user-modified standard curves using (v) the Cayman EIA and (vi) the Assay Designs EIA. Agreement between methods (e.g., Cayman and Assay Designs) was assessed by Bland-Altman (2, 3) 95% confidence intervals (CI) for limits of agreement (LOA). The 95% CI for LOA indicates that 95% of the differences fall between these two limits. Precision estimates of the mean difference and the LOA are also provided. All statistical analyses and figures were done using SAS software.
RESULTS
Parallel EIA evaluations of human and macaque plasmas for SP using the manufacturer's recommendations. (i) Differences in SP levels obtained in the parallel evaluation in duplicate of five extracted rhesus macaque plasmas using the Cayman and Assay Designs SP EIA. The mean SP difference and standard deviation (SD) between Cayman and Assay Designs assays were Ϫ115.2 Ϯ 22.8 pg/ml (paired t test; P Ͻ 0.01). Similar results were obtained in the parallel evaluation of five unextracted human plasmas in which the mean SP difference and SD between Cayman and Assay Designs assays were Ϫ124.7 Ϯ 49.7 pg/ml (P ϭ 0.01).
(ii) Results of the parallel measurement of SP in extracted and unextracted macaque plasmas using the Cayman EIA. Extracted and unextracted samples yielded a mean SP value difference Ϯ SD of Ϫ56.5 Ϯ 21.4 pg/ml (P Ͻ 0. 01). Higher values were obtained with the Assay Designs EIA, in which extracted and unextracted samples yielded a mean SP value difference Ϯ SD of Ϫ154 Ϯ 150.6 (P ϭ 0.08). Samples of unextracted rhesus macaque plasma were diluted 1:2 and 1:4 prior to evaluation in the Cayman EIA. The mean SP value difference and SD between 1:2 and 1:4 dilutions was Ϫ26.8 Ϯ 16.7 pg/ml (P Ͻ 0. 01).
Parallel EIA evaluation of unextracted human plasma for substance P using the manufacturer's recommended and usermodified standard curves. The Cayman EIA yielded a mean SP level difference and SD of Ϫ8.4 Ϯ 6.2 pg/ml between the manufacturer's suggested (3.9-pg/ml to 500-pg/ml) and usermodified (15.63-pg/ml to 250-pg/ml) standard curves and fourparameter analysis (P ϭ 0.04). By comparison, the Assay Designs EIA yielded a mean SP difference and SD between the user-modified (15.63-pg/ml to 250-pg/ml) and manufacturer's suggested (9.76-pg/ml to 10,000-pg/ml) standard curves of Ϫ154.9 Ϯ 51.5 pg/ml (P Ͻ 0.01).
Comparative analysis of Cayman and Assay Designs SP standards. Two concentrations of the SP standards provided with each EIA kit for the construction of standard curves were evaluated with the other EIA. This was done to determine if the differences in SP values seen with the parallel evaluation of unknown plasma samples would also be found with the evaluation of purified SP from two different sources. The analysis of the Cayman SP standard in the Assay Designs EIA gave observed values (863 pg/ml and 194 pg/ml) significantly higher than the expected values (500 pg/ml and 125 pg/ml), while the analysis of the Assay Designs SP standard in the Cayman EIA gave observed values (91 pg/ml and 36 pg/ml) significantly lower than the expected values (625 pg/ml and 156 pg/ml) (see Fig. 2 ).
Analytical summary. The results of the Bland-Altman analysis obtained in the parallel evaluation of macaque and human plasmas for SP using extracted and unextracted samples analyzed by the two commercially available antigen competition EIA are summarized in Tables 2, 3 , and 4. This analysis confirms the variability between the assay comparison methods and suggests lack of agreement, indicating that they should not be used interchangeably.
DISCUSSION
In view of the significant variability in the reported levels of SP in similar control materials, namely, human plasma and serum, the present study was initiated to identify potential variables (biological, methodological, or analytical) that might contribute to the observed differences. In addition to comparison of the performances of two similar EIA for the measurement of SP in human and rhesus macaque plasmas, a comparison of the influence of sample preparation was also evaluated. These studies found that procedural differences between two very similar assays can contribute to significant differences in SP values in the parallel evaluation of plasma and serum. Figure 1a and b illustrates the results obtained in the parallel measurement of SP in extracted macaque plasma and unextracted human plasma using two similar antigen competition EIA. The two assays yielded significant mean SP difference values. The mean SP value obtained from unextracted normal human plasma using the Assay Designs EIA (Fig. 1a) is similar VOL. 13, 2006 MEASUREMENT OF SUBSTANCE P 1199
to that reported by Bondy et al. (4) (216.87 Ϯ 81.9 pg/ml), who used the same Assay Designs EIA in the evaluation of human sera. Studies using similar extraction methods and the Cayman EIA for the measurement of SP have consistently yielded significantly lower mean SP values than studies using the Assay Designs EIA ( Table 1) . The observed differences in SP levels in the parallel evaluation of plasmas from both healthy human subjects and rhesus macaques using two commercially available EIA could be attributable to qualitative differences in the reagents used in the assays, procedural differences of the two assays, or differences in the analytical treatment of data. Since both methods are antigen competition-based assays that use similar capture and probe antibodies, as well as tracers, and both recommend fourparameter logistic fit analyses of data, it was felt that the most likely source for the observed differences was in the formulation of the standard curves used to interpolate unknown values. This assumption was based on the extraordinary differences in the measurable-concentration ranges for the two assays, namely, 3.9 to 500 pg/ml and 9.76 to 10,000 pg/ml for the Cayman assay and Assay Designs assay, respectively. To test this hypothesis using reagents supplied with each kit, identical standard curves were formulated for each assay system to incorporate several data points between 15.6 pg/ml and 250 pg/ml that reflect the range of SP values most often reported in the literature for control human serum and plasma specimens. Unextracted control human plasmas evaluated with both assay systems according to the manufacturer's recommendations (Fig. 1a and b) were reevaluated using identical standard curves formulated with reagents from each assay system. Similar but statistically different results (mean difference, Ϫ8.4 Ϯ 6.2) were obtained with the Cayman EIA compared to values obtained using the manufacturer's recommended standard curve in the evaluation of control human plasma (Fig. 1e and  f) . In contrast, the Assay Design EIA gave very different results (mean difference, Ϫ154.9 Ϯ 51.5) (Fig. 1e and f) . These findings raise questions about the accuracy of such a broad standard curve in an antigen competition assay when most clinicalspecimen values are interpolated from the extreme lower end of the curve. To address the possibility of significant qualitative and/or quantitative differences in each assay's SP standard, known concentrations (based on the manufacturer's labeling) of each standard were evaluated in the other EIA. As was found with unknown samples, the observed values obtained with the Cayman SP standard when evaluated with the Assay Designs EIA were considerably higher than the expected values (Fig. 2) , while the observed values obtained with the Assay designs SP standard when evaluated in the Cayman EIA were considerably lower than the expected values. Although these data suggest possible qualitative and/or quantitative differences in the two SP standards, possible differences in the analytical interpolation (based on four-parameter logistic fit) of values from standard curves that differ significantly in their measurable ranges may also contribute to the observed discrepancies.
In addition to methodological factors contributing to significant differences in observed SP levels, differences in sample preparation also played a role in contributing to discrepant results. Extracted samples reproducibly yielded lower SP values than did unextracted samples ( Fig. 1c and d) . These data support the observations of Corbally et al. (10) , which found SP to exist in serum and plasma in free and bound states, with a majority of SP bound in a reversible manner to high-and intermediate-molecular-weight serum and plasma proteins. Using radiolabeled SP and glutaraldehyde cross-linking techniques, Corbally et al. (10) found that SP bound to both highmolecular-weight proteins and human serum albumin. This interaction between SP and serum and plasma proteins was weak, as the bound SP was easily dissociated by repeated gel filtration. This finding suggests the possibility of SP binding reversibly and nonspecifically to plasma or serum proteins via weak hydrogen bonding. Further support of these observations lies in the ability to recover additional SP from serum or plasma by diluting samples prior to evaluation by EIA (Fig. 1c  and d) . Serial dilution of the sample prior to introduction of a constant amount of probe antibody effectively increases the ratio of probe antibody to serum or plasma proteins competing for available SP, thus enhancing the possibility of antibodymediated capture of SP, an interaction with much higher avidity than simple nonspecific binding, as previously described by Corbally et al. (10) .
Our study demonstrates that a number of factors can have significant impacts on the measurement of SP in both serum and plasma. These findings should be considered in the selec- tion of the conditions needed to optimally and accurately evaluate SP levels in both serum and plasma. Commercially available EIA kits do not give comparable results when used to assay SP in plasma using the recommended protocols. These differences can be reduced by using identical standard curves that more closely encompass the SP levels found in both sera and plasma. These findings indicate that one must carefully consider the experimental design when interpreting quantita- 4 dilution prior to analysis) and the influence of sample dilution prior to analysis in rhesus macaque plasma using the Cayman SP EIA. (e and f) Influence of modification of the standard curve on SP values using the Cayman EIA and the Assay Designs EIA in the evaluation of unextracted human plasma at a 1:4 dilution. The upper and lower whiskers of the box-and-whisker plots are the maximum and minimum SP values. The first and third quartiles (25th and 75th percentiles) are represented by the lower and upper edges of the box, respectively. The mean is represented by the plus sign, and the median (50th percentile) is the line inside the box. VOL. 13, 2006 MEASUREMENT OF SUBSTANCE P 1201
tive SP data reported in the literature. The results of our study indicate that there is no benefit to the extraction of serum or plasma for the recovery of SP. Further, dilution of unextracted serum or plasma (collected in EDTA) prior to analysis enhances the recovery of SP due to its reversible and nonspecific interaction with serum and plasma proteins. Antigen competition assays for the measurement of SP should make use of standard curves for the analytical interpolation of unknown values that have measurable ranges that closely encompass the anticipated SP levels of the specimens to be evaluated and should not exceed 2 log units of concentration range. In order to improve upon those conditions found in the present study to more accurately quantify SP in unextracted plasma, additional studies are planned to investigate the influence of mild dissociation of hydrogen bonds on SP recovery in unextracted plasma. Such conditions should not only improve recovery, but also improve sensitivity by not requiring dilution of specimens prior to analysis.
FIG. 2. Evaluation of Cayman and Assay
Designs SP standards in the other EIA using the manufacturer's recommended standard curves.
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